Abstract-The photovoltaic characteristics of an ultrathin GaAs solar cell with a gold back reflector are simulated using the standard semiclassical drift-diffusion-Poisson model and an advanced microscopic quantum-kinetic approach based on the nonequilibrium Green's function (NEGF) formalism. For the standard assumption of flat-band bulk absorption coefficient used in the semiclassical model, substantial qualitative and quantitative discrepancies are identified between the results of the two approaches. The agreement is improved by consideration of field-dependent absorption and emission coefficients in the semiclassical model, revealing the strong impact of the large built-in potential gradients in ultrathin device architectures based on high-quality crystalline materials. The full quantumkinetic simulation results for the device characteristics can be reproduced by using the NEGF generation and recombination rates in the semiclassical model, pointing at an essentially bulklike transport mechanism.
I. INTRODUCTION

S
OLAR cells based on III-V semiconductors as absorber materials have been used for a long time in situations where high efficiency is the central requirement, as in space applications. Beyond those niches, the need for expensive wafer-based or epitaxial growth methods and the limited abundance of the materials have thus far restricted economic viability and the widespread application of the technology. A new opportunity for III-V solar cells was created with the effort in high-efficiency thin-film architectures targeting light-weight wearable devices operating close to the singlejunction Shockley-Queisser limit [1] - [5] . Recently, there has been growing activity related to the scaling of the absorber thickness down to ultrathin layers below 100 nm [6] - [10] . In these devices, low single pass absorption needs to be compensated by plasmonic or nanophotonic absorption enhancement exploiting strong field enhancement and coupling to guided modes.
While optical simulations have been instrumental in the design and optimization of light-trapping and absorber structures, electrical simulations of these ultrathin photovoltaic devices have received little attention so far. This might be related to the apparent simplicity of the device structure, which, in the past, has never made it necessary to go beyond the conventional drift-diffusion model for bulk materials. However, it is not obvious that an absorber as thin as a few tens of nanometers and subject to correspondingly large built-in fields should still behave as homogeneous bulk. Furthermore, it is common to Urs Aeberhard is with the Institute of Energy and Climate ResearchPhotovoltaics (IEK-5), Forschungszentrum Jülich, 52425 Jülich, Germany email: u.aeberhard@fz-juelich.de. block minority carriers at the contacts by corresponding barrier layers, which results in regions where transport may no longer be described by semiclassical theory [11] .
In this paper, the validity of the semiclassical picture for the simulation of ultrathin GaAs devices is assessed by direct comparison with an advanced quantum-kinetic approach based on the nonequilibrium Green's function formalism [12] . In this comprehensive microscopic approach, most of the questionable approximations of the semiclassical theory such as, extended bulk states, thermalized distributions, and absence of nonlocal processes, are relaxed, which provides a sound basis for the critical assessment of like approximations.
The paper is organized as follows. In Section II, the semiclassical and quantum-kinetic simulation approaches are outlined. Their respective implementations and parametrizations are reported in Sec. III. Section IV provides the numerical simulation results and a discussion of the discrepancies. A brief summary and conclusion is given in Section V.
II. SIMULATION APPROACHES
A. Model System
The model system used in the simulations is a GaAs p-i-n diode as shown in Fig. 1 . The absorber consists of a 100-arXiv:1511.04037v2 [cond-mat.mes-hall] 11 Mar 2016 nm-thick GaAs slab with a 60-nm intrinsic region sandwiched between 20-nm-wide doped layers. The concentration of active dopants is N A,D = 10 18 cm −3 . Light is incident from the p-side. The gold reflector at the n-side is only used in the optical simulation. For majority carriers, ohmic contacts are assumed, i.e., there is no offset or Schottky barrier between the electrodes and the doped layers.
B. Semiclassical Device Simulation: Drift-Diffusion-Poisson
The conventional semiclassical approach to the simulation of p-i-n solar cells at the steady state consists of the bipolar continuity equations for the charge densities ρ n,p (n: electrons, p: holes) under the assumption of a drift-diffusion current j n,p ,
coupled to the bipolar Poisson equation for the electrostatic (Hartree) potential φ,
In (2) and (4), µ and D denote the carrier mobility and diffusion constant, respectively. The terms on the right-hand side of Eqs. (1) and (3) describe the carrier generation and recombination rates. The generation rate G is related to the optical absorption via the imaginary part of the dielectric function ε -here assumed to be isotropic -and the transverse part of the electrical field E t [13] ,
where η gen is the generation efficiency, which, here, is set to unity. For the recombination rate R, only the fundamental radiative process is considered here. Conventionally, the radiative rate is related to the charge carrier densities as follows [14] :
where n i denotes the intrinsic carrier density, α ∝ m ε is the absorption coefficient and
is the angleintegrated black-body radiation flux, with refractive index n r .
For the solution of the above system of differential equations, boundary conditions need to be specified. The behavior of charge carriers at the contacts is described in terms of a surface recombination current,
where S is the surface recombination velocity, which depends on the contact specifics such as passivation etc.
C. Quantum-kinetic device simulation: NEGF-Poisson On the quantum-kinetic level, the current and the rate term in the steady-state conservation law for charge carriers is formulated in terms of the charge carrier Green's function components G R/A,≶ and scattering self-energies Σ R/A,≶
[15]- [17] ,
where the energy integration is over the band of carrier species s = n, p and the upper (lower) sign is for electrons (holes). Similarly, the charge carrier densities entering Poisson's equation (5) are given by the GF
Unlike in the semiclassical case, the conservation law (10) is not solved directly for the NEGF. Instead, the retarded and advanced GF components follow from the steady-state Dyson equations
where G 0 denotes the solution of the non-interacting system. The correlation functions are obtained from the Keldysh equations,
Equations (13) and (14) are solved self-consistently together with the equations for the interaction part of the self-energies Σ, which depend on the carrier NEGF. In a second -or outer -self-consistency loop, the computation of the NEGF is self-consistently coupled to Poisson's equation via the density expressions (12) . For the self-energies, interactions of charge carriers with photons and phonons are considered. This enables the description of photogeneration, radiative recombination, and relaxation processes. The self-energy expressions associated with the generation via photon-mediated transitions between bands a and b read [18] 
where p contains the momentum matrix elements and the vector potential A is related to the transverse electric field via E t (ω) = iωA(ω). The self-energy for the incoherent coupling to field fluctuations describing the spontaneous emission is given by the first self-consistent Born approximation (SCBA)
wherep = −i ∇ is the momentum operator. A similar SCBA expression is used for the description of the self-energies for electron-phonon interaction, with the photon propagator and the momentum operator in (16) replaced by the phonon propagator and the gradient of the electron-ion potential [12] .
In the NEGF formalism, extraction and injection of charge carriers at the contacts is considered by boundary self-energies Σ B . The exact form of these self-energies depends on the nature of the contact states. The retarded component encodes the contact-induced broadening and shifting of the device states, while the "≶"-components contain the information of the occupation of contact states according to the chemical potentials µ B of the equilibrated electrodes.
III. MODEL IMPLEMENTATION A. Semi-classical simulation
For the semiclassical description of the ultrathin p-i-n device, the commercial semiconductor device simulator ASA (Advanced Semiconductor Analysis, TU Delft) is used. In the configuration employed here, the solver combines a 1-D drift-diffusion-Poisson model for charge transport with a 1-D transfer matrix method (TMM) for coherent wave optics [19] . While it is common in macroscopic device simulation to use different band structure models for optical and electronic properties -fully dispersive absorption coefficient and refractive index from broadband experiments for optics versus single band effective mass models for transport -this is not applicable here for the sake of comparability with the quantum kinetic approach, where transport and optical transitions are described consistently on the basis of the same electronic structure. Thus, all the bulk properties will be described by means of a simple effective mass model for decoupled valence (v) and conduction (c) bands, assuming isotropic and parabolic
(E g : energy gap), which sets the energy zero at the top of the valence band. The corresponding absorption coefficient is then given by
which provides the coupling of electronic and optical models via the extinction coefficient κ(ω) = α c 0 /(2 ω). In (17) ,
is the reduced effective mass, ε b is the background dielectric constant, ε 0 is the vacuum permittivity, c 0 is the speed of light in vacuum, and p cv is the interband momentum matrix element. The refractive index describing the light propagation in the TMM together with κ is approximated by the constant value n r = √ ε b . This absorption coefficient is also used to obtain the emission coefficient via the Van Roosbroeck-Shockley (VRS) relation (8) in the calculation of the radiative recombination rate (7). The effective density of states required to relate the charge carrier densities to the quasi-Fermi levels (the quantity computed by ASA) is given by
which also provides the intrinsic carrier density via n 
B. Quantum-kinetic simulation
The NEGF approach is implemented using the same combination of single-band effective mass models for electrons and holes and relying on the equivalence of the finite difference and the single-band tight-binding formalisms [21] . Under the assumption of periodicity in the transverse dimensions, Eq. (14) and the differential form of Eq. (13) are discretized in real space in transport direction (z) and provide linear equations for the transverse Fourier components G(k , z, z , E). The numerical parameters for the resolution of position, transverse momentum, and energy are ∆z=5Å, ∆k = 0.002 π/d 0 , and ∆E=4 meV, where d 0 is the lattice constant.
For the numerical evaluation of electron-phonon scattering, the self-energies for interaction of charge carriers with longitudinal polar optical (POP) and acoustic (AC) phonons are implemented, starting from the Fröhlich Hamiltonian (POP) and the deformation potential formalism (AC), respectively [21] . The corresponding material parameters are given in Table II .
The electron-photon interaction is treated as in [22] , with the classical vector potential A in (15) obtained from a quasi-1-D TMM (equivalent to that in ASA) and using in (16) the free field photon propagator for a homogeneous isotropic optical medium (q is the inplane photon momentum). This corresponds to the assumptions of the semiclassical approach and neglects optical confinement and plasmonic effects from metal components on the emission [23] , for which a full solution of the photon GF would be required [24] . The extinction coefficient used in the TMM is again obtained from the absorption coefficient, which now reads
in terms of the photon self-energy
based on the charge carrier GF via the interband polarization function
Unlike in the macroscopic approach leading to the bulk absorption coefficient (17) , it is essential to consider the nonlocality of the electronic states in the derivation of (20), i.e., the off-diagonal matrix elements (z = z ) of the charge carrier GF in the interband polarization function (22) [18] . For the situation considered here, 25 off-diagonals (corresponding to a nonlocality range of 12.5 nm) provide a satisfactory compromise between accuracy and computational cost. The boundary self-energy terms are determined by matching to bulk Bloch states of semi-infinite flat band contact regions [21] . Perfect carrier selectivity is enforced by setting Σ B c (z min ) = Σ B v (z max ) = 0. This prevents the leakage of carriers under optical and electronic injection [11] .
IV. NUMERICAL RESULTS AND DISCUSSION
The room temperature (T = 300 K) current-voltage characteristics of the slab diode are evaluated in the dark for bias voltages ranging from 0.8 to 1.07 V and in the same voltage range for monochromatic illumination at a photon energy E γ = 1.44 eV, which corresponds to generation close to the bulk band edge. The intensity is 0.1 W/cm 2 . The maximum photocurrent that can be obtained from this illumination is 69.4 mA/cm 2 . However, without an antireflection coating, the optical reflection loss of the system air-GaAs-Au is very high (n Au @1.44eV = 0.2, κ Au @1.44eV = 5.6). A small additional loss is due to parasitic absorption by the gold reflector. Hence, the current-voltage characteristics displayed in Fig. 2 exhibit much lower photocurrent. While the results from the semiclassical simulation for flat-band bulk material and those from the quantum-kinetic simulation are of the same order of magnitude, significant discrepancies, both of quantitative and qualitative nature, can be noted in the characteristics. At low bias voltage, the discrepancy is due to differences in the (spectral) absorptivity. Indeed, the comparison of the flatband bulk absorption coefficient with the absorption coefficient in the center of the intrinsic region at 0.8 and 1.06 V as computed from the NEGF reveals substantial deviations over the whole spectral range considered (see Fig. 3 ). The appearance of sub-bandgap tails and oscillations at higher energies are well-known signatures of electroabsorption. Replacing the flat-band bulk absorption coefficient with the Airy-functionbased expression for electroabsorption at the corresponding longitudinal field E z [25] ,
with
reproduces qualitatively the nonbulk-like features in the NEGF absorption coefficient. The electric field and thus the local absorption coefficient vary both with position within the device and with applied bias voltage. For the consideration of these effects in the semiclassical simulation, the local extinction coefficient for the TMM is determined from the field-dependent absorption coefficient (23) using the local field profile as computed for a given applied bias voltage in the dark, i.e., neglecting the effects of illumination. Since the deviation from the flat-band bulk absorption stems primarily from the effect of the strong internal field on the (joint) density of states, it will also affect the emission properties. Indeed, comparison of the dark characteristics displayed in the inset of Fig. 2 reveals a converging . The tailing and oscillatory behavior of the NEGF absorption and the resulting deviation from the bulk absorption is qualitatively captured by the Airy-function description of the field effects. Accordingly, the deviations are stronger for lower bias due to larger associated field strength.
the ideality factor, but a substantial discrepancy in the dark saturation current, which is related to the emission coefficient. For a consistent description of absorption and emission, the emission coefficient B needs to acquire a dependence on bias and position via the use of the field-dependent absorption coefficient (23) in the VRS formula (8) .
As can be verified in Fig. 4 , consideration of the field effects provides a closer agreement of the semiclassical simulation with the quantum-kinetic result, both in the dark and under illumination. However, there is still some quantitative disagreement. One reason is the impact of electron-phonon interaction: As shown in Fig. 5 , the presence of inelastic electron-phonon scattering leads to lower absorption (→ photocurrent) and larger emission (→ dark current) as compared with the ballistic case, which corresponds exactly to the relation between the Airy-function and the NEGF characteristics in Fig. 4 . The second source of discrepancies is the spatial variation of the generation and recombination rates within the device, especially close to the contacts (see Fig. 6 ). This is due to the treatment of minority carrier contacts in the NEGF formalism, enforcing nodes in the charge carrier density at those contacts. To investigate the impact of deviations in the rate on the overall device characteristics, the NEGF rates for generation and recombination are directly used in the semiclassical balance equations (1)-(3). While ASA is able to handle external generation files, the recombination rate needs to be engineered via the emission coefficient, using relation (7): The emission coefficient B is adjusted such that expression (7) with the semiclassical charge carrier densities reproduces the NEGF emission rate. The result displayed in Fig. 4 (open photon energy E γ (eV) ballistic 0.9 V + el-phon 0.9 V Fig. 5 . Absorption coefficient and emission spectrum at V bias = 0.9 V, as computed from the NEGF for a ballistic system and including electronphonon interaction, respectively. The presence of inelastic scattering leads to lower absorption at the excitation energy and to larger emission, which corresponds exactly to the observed relation between Airy-function and NEGF characteristics. squares) reveals a perfect agreement with the full quantum kinetic simulation. This means that, for the situation under consideration, where transport is mediated by states that are still rather extended, the use of a semiclassical drift-diffusion model for charge carrier transport is valid. At the same time, a microscopic model with spatial resolution is required to capture the deviations from bulk rates induced by the strong internal fields. Indeed, because the density of states (DOS) is the property most affected by the field, a larger impact is to be expected on spectral quantities -such as absorptionthan on integral quantities like the effective DOS entering the transport model, since there, some of the field-induced spectral modifications are integrated out.
If the absorber thickness is reduced further, the increase in the strength of the built-in field at low bias voltage will result in an enhancement of the radiative recombination due to emission from field-induced tail states, as described in [22] , similar to tunneling-enhanced recombination via defects [26] . This feature is only captured by the NEGF model. On the other hand, the photocurrent generation level follows the size dependence of optical resonator modes [23] , which, in the quantum model, is only slightly modified, as compared with the classical model due to a moderate change in local absorption coefficients. Hence, the discrepancy between the uncorrected semiclassical and the quantum model is expected to become more pronounced with further thickness reduction. For a more general picture, additional losses due to finite surface recombination of minority carriers (leakage) and -in the ultrascaled limit -onset of band-to-band tunneling will need to be considered.
V. CONCLUSION
In this paper, it has been demonstrated that straight-forward application of semiclassical models to the simulation of ultrathin solar cells leads to significant discrepancies with respect to the more generally valid microscopic picture. This is most manifest in both spatial and bias dependence of photogeneration and radiative recombination rates due to the strong impact of the large built-in field on absorption and emission.
The results from the full quantum kinetic model can be recovered if the NEGF rates are used in the semiclassical transport equations. This means that transport is still well described by the drift-diffusion model, deviations from bulk DOS at the band edges being integrated out.
The picture is expected to change for the case where coherence plays a role in the transport, as in superlattice absorbers [27] , similarly to the situation found in THz quantum cascade lasers [28] , or in the presence of barrier layers at the contacts [11] . There, at least partial breakdown of the validity of the semiclassical transport description is expected, necessitating the use of quantum-kinetic models, such as the one presented here.
Finally, one of the main hopes associated with ultrathin absorber architectures is the reduction of Shockley-Read-Hall (SRH) recombination due to fast extraction of photogenerated charge carriers by the strong built-in field [5] . However, strong internal fields can also lead to enhanced SRH recombination due to field-assisted tunneling into defect states [26] . Extension of the present NEGF approach to the nonradiative regime [29] will, thus, be instrumental for a comprehensive assessment of field effects in ultrathin solar cell devices.
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